Introduction
============

According to American Cancer Society (Cancer Facts and Figures 2016) it is estimated that the incidence of childhood cancer accounts for a large proportion of all cancer cases. In 2016, it was estimated that there are 10,380 new cases of cancer and among them 1,250 deaths of children occur due to cancer. Many scientists around the world are endeavoring to develop novel targeted therapies in human cancer treatments, which are capable for selectively killing cancer cells, not harmful to normal cells. For the successful development of such therapies, it is primarily necessary to better understand physiological and molecular differences between caner and normal cells. Therefore, the studies of new anti-cancer therapy can in part, improve comprehension of cancer biology mechanisms, selectively targeting molecular pathways thought to be critical for tumor survival, growth, and metastases [@B1]-[@B3]. In fact, in the last few decades the increasing incidence of human cancer has led to the progressive development of new anticancer agents through more systematic and scientific validation of a wide range of synthetic and natural substrates [@B4], [@B5]. According to the Pharmaceutical Research and Manufacturers of America, more than 800 anti-cancer agents have been shown to be effective in clinical trial. Among them many drugs were derived from the natural sources such as plant and microorganisms against various different types of cancers such as prostate, breast, lung and colon cancers. In addition, anticancer activities of numerous natural products are currently being investigated to identify potential anticancer agents which could improve the efficacy of specific targeted therapies against cancer [@B6]-[@B10]. In particular, anticancer agents from indefinite uncharacterized organisms in the extreme environments such as marine and Antarctic area have aroused considerable interest in pharmaceutical industries because they have evolved their own defense mechanisms by secreting toxic secondary metabolites, which are explored in anticancer studies and plays an important role in therapeutic strategies [@B11], [@B12].

Microalgae are diverse group of unicellular photosynthetic eukaryotes and consist in at least 40,000-70,000 species belonging to various phyla such as Cyanophyta (bluegreen algae), Rhodophyta (red algae), Chlorophyta (green algae), Pyrrophyta, Cryptophyta, Haptophyta, Heterokontophyta, and Streptophyta [@B13], [@B14]. Microalgae have adapted to a wide range of environments and display their worldwide distribution. This great ecological plasticity consequently has led to be a rich source of genetic and metabolic diversity, which is compatible with a wide variety of interesting and useful secondary metabolites. Thus, they have attracted attention in regard to pharmacological and medicinal values in various parts of the world and emphasized that research on their metabolites are useful for the cure and for the alleviation of human diseases [@B15], [@B16]. Recent studies have indicated that bioactive resources from many algae may have pharmaceutical and health-promoting properties, and the research efforts that need to be made to facilitate the optimal development of algae-derived resources were highlighted in pharmacological industry [@B17]-[@B19]. In particular, considerable emerging evidences suggest that some algae-derived compounds seem to have anticancer activities through the modulation of multiple cellular mechanisms, including cellular cytotoxicity, inhibition of invasion and the promotion of apoptosis of cancer cells [@B20], [@B21]. Thus, the cellular and molecular studies have shown algae-derived compounds to be potent naturally occurring anticancer compounds which effectively prevent tumorigenesis [@B22], [@B23]. For examples, fucoxanthin is a carotenoid found in microalgae, diatom, and brown seaweeds and exhibited potential anticancer activity, inhibiting the growth of cancer cells in a concentration dependent manner along with the induction of cancer suppressor genes and cell cycle arrest, but not apoptosis [@B24], [@B25].

Accumulating data for the algae-derived anticancer compounds can provide new insights in the development of the targeted and effective therapies against human cancer. Further consideration deserves to be given to their biological function in the cellular mechanisms of particular cancers that display different degrees of cytotoxic response to them. In the present study, ethanol extract was obtained from *Chloromonas*sp., an Antarctic freshwater microalga, and used for the evaluation of the mechanism, at least in part, of such antioxidant and anticancer activities using *in vitro* cell based assays. This work firstly explored the antioxidant and anticancer activities of an Antarctic freshwater microalga, *Chloromonas*sp.

Materials and Methods
=====================

Sample collection and preparation
---------------------------------

The Antarctic freshwater microalga, *Chloromonas*sp., used in the present study was collected from freshwater near King Sejong Antarctic Station (62˚ 13\' S, 58˚ 47\' W) in 2014. Ten gram of dried microalgae material was kept in 50 mL conical tubes and added 20 mL of solvent such as ethanol. The conical tubes were kept in a reciprocating shaker for 24 h for continuous agitation at 150 rev/min for mixing and also complete elucidation of bioactive compounds to dissolve in the respective solvent. Then, the conical tubes were centrifuged (4°C, 15 min, 4000 rpm) for collection of supernatants, followed by filtration with Whatman no. 1 filter paper. The solvent from the extract was removed by using rotary vacuum evaporator with the water bath temperature of 50°C. Finally, the residues were collected and used for the experiment.

DPPH radical scavenging assay
-----------------------------

The DPPH assay was performed by slightly modified method in previous study [@B26]. A solution of 1 mM DPPH in 80% (v/v) ethanol was stirred for 40 min. In this method, 1.2 mg of DPPH free radical was dissolved in 50 mL of methanol to prepare its stock solution. The working solution of DPPH was obtained by diluting its stock solution with methanol until absorbance of the solution was adjusted to 0.650 ± 0.020 at 517 nm. Then, this solution (2.97 mL) was added to 30 μL of standard or sample at different concentration (0.2, 0.4, 0.6, 0.8, 1.0 μg/mL). After incubating the mixture in the dark for 30 min, absorbance was measured at 517 nm. Ascorbic acid was used as a reference standard compound. DPPH scavenging affect (%) = 100 x (A~Control~ - A~Sample~)/A~Control~. IC~50~ value, which is the concentration of the sample required to inhibit 50% of radical, was then calculated by plotting the percentage of scavenging activity against the different concentrations (0.2-1.0 µg/mL).

ABTS radical scavenging assay
-----------------------------

The scavenging activity was measured as described in previous work [@B27] with slight modifications. ABTS (Sigma) was dissolved in ethanol to make a final concentration of 7 mM and then mixed with a potassium persulfate solution to make a final concentration of 2.45 mM. The mixture was kept in the dark at room temperature for 12-16 h to allow completion of radical generation. The ABTS∙^+^ stock solution was diluted with 95% ethanol to keep its absorbance at 734 nm within 0.70 ± 0.02 measured on a spectrophotometer. To determine the scavenging activity, 10 μL of each sample was mixed with 990 μL of ABTS∙^+^working solution, and the absorbance was measured at 734 nm after incubation for 6 min at 25 °C in the dark. Ascorbic acid was used as the positive control. ABTS scavenging affect (%) = 100 x (A~Control~ - A~Sample~)/A~Control~.

Cell lines and culture
----------------------

The human keratinocyte cell line (HaCaT) and cancer cell lines (HeLa, A375, and Hs578) were purchased from the American Type Culture Collection (ATCC). The cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco/Invitrogen) with 10% Fetal Bovine Serum (FBS) in 37 °C humidified incubator containing 5% CO~2~. Cells were plated at a density of 0.5×10^6^/well in 6-well plates and grown overnight. For maintenance of cell culture, the medium was changed every 2-3 days and cells split at 80% confluence via trypsinization. Cells were seeded at an optimal density of 14×10^3^/cm^2^.

Cell growth inhibition assay and morphological observations
-----------------------------------------------------------

Cells were plated at density of 1×10^3^ cells per well in 96-well plates in triplicate and incubated at 37°C with 5% CO~2~ in a humidified incubator. Cell viability was measured with the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-dipheniltetrazolium bromide (MTT)-Cell Titer 96AQueous One Solution Cell Proliferation Assay (Promega) and was analyzed over a period of three days. At every 24 h interval, 20 μl MTT was added to detect metabolically active cells. The plate was incubated for 1 h and analyzed in a Multilabel Counter (Bio-Rad Laboratories). Cell morphological changes were directly recorded using a phase-contrast inverse microscope fitted with digital camera (Nikon). Later, the plates were stained with 0.5% of crystal violet and scanned for records.

Annexin V/propidium iodide staining apoptosis assay
---------------------------------------------------

For cell apoptosis assay, Annexin V-FITC apoptosis detection kit (BD Biosciences) was used to assess the apoptotic effect of ETCH. For Annexin V staining, HaCaT and HeLa cells (control, ETCH-treated group) were harvested by typsinization, washed twice with cold PBS, and then resuspended in 100 μl 1× binding buffer (\~1× 10^5^cells/mL) containing 5 μl and 2 μl of annexin V-FITC and PI, respectively. After cells were incubated for 15 min at room temperature in the dark, 400 μl of 1 × binding buffer was added to each tube and then cells were detected using flow cytometry within 1 h.

Western blot analysis
---------------------

Samples were lysed on ice in RIPA buffer (50 mM Tris·Cl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate). Total protein (50 μg) from each sample was separated on a 4-20% Criterion^TM^ Tris·HCl precast gel (BioRad) and transferred onto nitrocellulose (NC) membranes. The membrane was incubated at 4°C overnight with primary antibody: anti-caspase-3 antibody, anti-Bcl-2 and p53 (Cell Signaling). After probed with secondary antibody IgG conjugated to HRP (Santa Cruz Biotechnology), membrane was developed with enhanced chemiluminescence (Amersham Pharmacia).

Colony forming assay
--------------------

HaCaT and cancer cells were seeded in 6-well plates at a density of 2000 cells/well in triplicate. After incubation for 24 h of adherence, the cells were treated with or without 12.5 and 25 µg/mL of ETCH for 6 h. Then the cells were maintained with fresh culture medium and replaced every three days until the appearance of colonies with regular change of medium. Colonies were stained with a 0.4% crystal violet (Sigma) in 50% methanol and visible colonies were counted.

Invasion assay
--------------

Transwell insert chambers with an 8 μm porous membrane (Cell Biolabs) were used for the Invasion assay. Cells (1.6 x 10^6^cells/mL) were washed three times with PBS and added to the top chamber in serum-free medium containing different concentration of ETCH (1.6 and 3.2 μg/mL). The bottom chamber was filled with medium containing 10% FBS. The ETCH-treated cells were incubated for 48 h at 37°C in a 5% CO2 humidified incubator. To quantify invaded cells, cells in the top chamber were removed by using a cotton-tipped swab, and the invaded cells were stained with Cell Stain Solution, visualized under a phase-contrast microscope and photographed. The stained cells were then solubilized with Extraction Solution and measured the OD 560 nm in a plate reader.

Statistical analysis
--------------------

Mean values and their standard deviations were calculated from three biological replicates. The statistical significance of the difference between means was tested using one-way ANOVA followed by Student\'s t test; p values \< 0.05 were considered to indicate statistical significance.

Results
=======

Antioxidant activity of ETCH
----------------------------

Recently, a variety of spectrophotometric assays has been adopted to measure antioxidant activity of bioactive compounds, the most popular being 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) assays, which are based on an electron transfer and involves reduction of a colored oxidant. This property allows visual monitoring of the reaction, and both convenient assay in their application. In this study, for evaluation of free radical scavenging properties of ETCH we have used two assays: the DPPH radical and the ABTS radical cation assay. As shown in Fig. [1](#F1){ref-type="fig"}, the DPPH radical scavenging activity of ETCH increased with increase in its concentration, showing the range of 5.87- 54.35% with an IC~50~ value of 0.97 μg/mL. Ascorbic acid as the reference standard displayed a scavenging activity of 96.8% at a 0.6 μg/mL with an IC~50~ value of 0.12 μg/mL. On the other hand, ETCH was able to scavenge the ABTS·^+^ radicals in a dose-dependent activity, about 56.4% at 1 μg/mL. The IC~50~ values of the positive control Ascorbic acid and extract were determined to be 0.18 and 0.95 mg/mL, respectively. Antioxidant capacity by ABTS method was slightly higher than antioxidant capacity by DPPH assay, as compared by student\'s paired t-test.

Anti-proliferative effects of ETCH on human cancers and normal keratinocyte cells
---------------------------------------------------------------------------------

To investigate the possibility of using microalgae extract as a potential source for anticancer treatments, three different cancer cell lines (A375, HeLa, and Hs578T) were incubated with various concentration of ETCH for 72 h. Its anti-proliferative effect was assessed by using MTT assay. As shown in Fig. [2](#F2){ref-type="fig"}, while significantly cytotoxic effects were observed in melanoma and cervical cancer cells, A375 and HeLa, with dose-dependent manner when its concentration ![](ijmsv14p0560i001.jpg), breast cancer cells, Hs578T, showed anti-proliferative effects at the higher concentration, 12.5 μg/mL. Interestingly, when compared with the control group, no significant different difference on the viability of HaCaT was observed in the normal cells, HaCaT, suggesting that the extract is selectively toxic to human cancer cells. These data indicate that ETCH may possess a broad inhibitory on the growth of cancer cells despite having a different degree of anti-proliferation to different types of cancer cells. In addition, the data was also evident by examining the morphology of cells under the microscope. Consistent with cytotoxic assay, significant cell morphology changes such as shrinkage and deformation were detected in cancer cells, not normal cells. In addition, we evaluated the long term effect of microalgae extract on cell proliferation by colony formation assays. Three type of cancer cells treated with ETCH for 6 h showed inhibition of their colony-forming efficacy during 14 days of culture with regular change of normal medium, every three days. As shown in Fig [3](#F3){ref-type="fig"}, colony number decreased significantly in cancer cells treated with ETCH (12.5 and 25 μg/mL), whereas not much change of colony number was observed in normal cells.

ETCH-induced apoptosis through the modulation of apoptosis-associated genes
---------------------------------------------------------------------------

Next, we were wondering if a significant anti-proliferation effect of ETCH on the cancer cells might occurred via cellular apoptosis. To verify this possibility, we performed flow cytometric analysis to evaluate healthy (AnnexinV-/FITC-), early apoptotic (Annexin+/FITC), late apoptotic (AnnexinV+/FITC+) and debris (AnnexinV-/FITC+) cell populations in normal and cancer cells, respectively. Annexin V-positive (early and late apoptosis) cells were considered the apoptotic population. As shown in Fig. [4](#F4){ref-type="fig"}, the apoptotic population of HeLa cells increased significantly with increasing doses of ETCH; 6.57% (12.5 μg/mL) and 16.67% (25 μg/mL), compared with the untreated control group (3.72%), whereas apoptosis was not occurred in normal cells in response to ETCH. This observation suggests that the extract selectively induces apoptosis to cancer cells, and not normal cells. Here, due to a similar absorbance range of wavelength between PI and green ETCH, the population of healthy cells treated with ETCH could be overall shifted to PI-staining area. Next, we extended the analysis to explore the effect of ETCH on molecular markers of apoptosis. In order to further understand the mechanisms of ETCH-induced apoptosis, we examined major regulators of apoptosis signaling. Consistent with the flow cytometry analysis, there was a considerable decrease in the expression of apoptosis-associated proteins procaspase-3 and Bcl-2 and increase in cleaved caspase-3 and p53 in a dose-dependent manner (Fig. [5](#F5){ref-type="fig"}). Taken together, these data suggested that ETCH induces apoptosis in cancer cells through the activation of apoptosis-related signaling pathways.

Discussion
==========

Increasing evidence from cancer studies indicates bioactive compounds derived from the natural sources may act as potentially promising therapeutic agents in the treatment of human cancer [@B20]-[@B22]. In particular, potential anticancer activities of microalgae-derived products have attracted attention in regard to targeted therapies against human cancer and increasingly emphasized that research on microalgal metabolites are useful for the cure of human diseases. In this study, we investigated the role of ETCH from an Antarctic freshwater microalga, *Chloromonas*sp., inducing anticancer activities in human cancer cells including breast, melanoma, and cervical cancer cells. We demonstrated that ETCH exhibited anti-oxidant capacity and triggered anticancer activities such as anti-proliferation, anti-invasion and apoptotic cell death in cancer cells through the modulation of apoptosis-related genes such as caspase-3, Bcl-2 and p53. To date, this is the first report on the capacity of Antarctic microalgae to exert anticancer activities in human cancer cells. Based on our data, ETCH exhibited a notable anti-proliferative effect in *in vitro* experiments (Figs [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), showing a wide spectrum of anti-proliferative effect in different cancer cells. Interestingly, although ETCH induced severe cell anti-proliferation in cancer cells, it was not the case anymore in normal cells. As shown in Fig. [2](#F2){ref-type="fig"}, the microalgae extract showed less anti-proliferation in normal cells, HaCaT, than in cancer cells, HeLa, A375, and Hs578T, demonstrating that normal cells are less sensitive to ETCH than cancer cells. This fact may provide a clue that ETCH can be a potentially promising candidate for targeted cancer therapies. On the other hand, apoptosis, a programmed form of cell death, is a tightly regulated biochemical process that occurs through a variety of distinct mechanisms associated with the activation of proteases such as caspases that degrade proteins [@B28]. Members of the caspase family of cysteine proteases play an important role in the effector phase of apoptotic pathways. Among these, caspase-3, considered the most important executioner caspase, is activated by any of the initiator caspases (caspase-8, -9 or -10) [@B29]. In addition, other important regulatory proteins with regard to apoptosis are Bcl-2 and p53; Bcl-2 is specifically considered an important anti-apoptotic protein and is thus classified as an oncogene [@B30], whereas p53 functions as a tumor suppressor to integrate multiple stress signals into a series of diverse anti-proliferative responses such as cell cycle arrest and induction of apoptosis in cancer cells [@B31]. In an effort to better understand the possible mechanisms by which ETCH may regulate programmed cell death or apoptosis in cancer cells, we measured caspase-3, Bcl-2 and p53 protein levels, which are associated with apoptosis signaling pathway (Fig. [5](#F5){ref-type="fig"}). According to our results, our findings provide evidence that ETCH might trigger both early and late stage apoptosis in cancer cells via apoptotic pathway, at least in part by caspase-3 activation. On the other hand, during apoptosis, cells undergo dramatic changes in morphology [@B29], [@B32]. For example, apoptotic cells are recognized by stereotypical morphological changes, such as shrinkage, deformation and condensation of chromatin in the nucleus. Cells displaying shrinkage are typically smaller in size, the cytoplasm is dense, and organelles are more tightly packed. Here, we observed characteristic morphological changes in ETCH-treated cancer cells (Fig. [2](#F2){ref-type="fig"}). Interestingly, no morphological changes occurred in normal cells, reflecting efficient suppression of apoptosis through the inhibition of apoptosis-associated physiological and molecular events. In addition to inducing apoptotic cell death, ETCH retains anti-invasive activity of cancer cells. Metastasis, the leading cause of cancer mortality, is composed of a number of sequential events including invasion. In the invasion process, malignant tumor cells are able to be dissociated from the primary tumor and invade the surrounding tissue through the modulation of proteins involved in the control of cellular motility and migration. In the present study, ETCH significantly inhibited invasion process of cancer cells at low doses relative to those with anti-proliferative effect (Fig. [6](#F6){ref-type="fig"}). This observation suggests that ETCH may not only contain anti-proliferative compounds but anti-invasive ones which effectively function at low concentration without no effect on cellular proliferation. In summary, we have shown for the first time that an Antarctic microalga has antioxidant activity and induces apoptotic cell death in cancer cells *in vitro*, through the caspases dependent pathway. In this study, we provide evidence showing that Antarctic microalgae extract could act as a new anti-cancer agent for human cancer by inducing apoptosis and repressing invasion. Further studies are required to explore and identify the responsible components of microalgae extract and their molecular mechanisms.
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![Effect of ETCH on cellular invasion. Cells were treated with or without different concentrations (1.6 and 3.2 μg/mL) of ETCH for 24 h. Quantitation of the results from three independent experiments (n=3) is shown as mean ± SD with statistical significance as \**p*\<0.05 and \*\**p*\<0.01.](ijmsv14p0560g006){#F6}

![Antioxidant activities of ETCH: DPPH assay and ABTS assay. Data expressed as mean ± SD for triplicate test. Quantitation of the results from three independent experiments (n=3) is shown as mean ± SD with statistical significance as \**p*\<0.05 and \*\**p*\<0.01 between the control and ETCH-treated group.](ijmsv14p0560g001){#F1}

![Antiproliferative effect and morphological change of ETCH against human cancer cells. Cells were treated with or without different concentrations (12.5 and 25 μg/mL) of ETCH for 72 h. The cell viability was assessed by MTT assay. The results are means ± SD, n=3 experiments. \**p*\<0.01, \*\**p*\<0.001.](ijmsv14p0560g002){#F2}

![Inhibition on colony formation of cancer cells after ETCH (12.5 and 25 μg/mL) treatment for 6h. Experiments were performed three times and the data are presented as the mean ± SD. \**p*\<0.05, \*\**p*\<0.01.](ijmsv14p0560g003){#F3}

![Effect of ETCH on apoptosis. Normal (HaCaT) (A) and cancer (HeLa) cells (B) were treated with or without different concentrations (25 μg/mL) of ETCH for 24 h, and was measured by FACS analysis.](ijmsv14p0560g004){#F4}

![Western blot analysis for apoptosis-related proteins, caspase-3, Bcl-2, and p53. The results are means ± SD, n=3 experiments. \**p*\<0.05, \*\**p*\<0.01.](ijmsv14p0560g005){#F5}

[^1]: Competing Interests: The authors have declared that no competing interest exists.
